Abstract: Localisation is one of the most important issues in wireless sensor networks, because the location information is typically useful for coverage, deployment, routing, location service, target tracking and rescue operations in wireless sensor networks. The localisation protocols are classified into two categories: range-based protocol and range-free protocol. The range-based protocols employ distance or angle estimation techniques to achieve fine accuracy, which require the use of expensive hardwares. On the other hand, the range-free techniques depend on the contents of received messages to support coarse accuracy. This study describes mobile anchor positioning, a range-free localisation method, which makes use of the beacon packets of mobile anchor and the location packets of neighbour nodes to calculate the location of the nodes. The anchor node, which is equipped with global positioning system, broadcasts its coordinates to the sensor nodes as it moves through the network. As the sensor nodes collect enough beacons, they are able to calculate their locations locally.
Introduction
Recent advances in wireless communications and electronics have enabled the development of low-cost, low-power and multifunctional sensor nodes that are small in size and communicate over short range. A wireless sensor network is composed of a large number of sensor nodes that are densely deployed in a field and the sensor nodes have the ability of sensing, processing and communicating [1] . Localisation is one of the most important issues in wireless sensor networks, because the location information is typically useful for coverage, deployment, routing, location service, target tracking and rescue [2] . For example, localisation is very important for location-based routing protocols [3, 4] , where both routing and data forwarding are determined based on the geographic location of the sensor nodes and more the accuracy of located positions of the sensor nodes, more will be the efficiency of the data transmission in the network.
Many localisation algorithms [5] [6] [7] for wireless sensor networks have been proposed so far. These localisation algorithms are classified into two categories: rangebased algorithm and range-free algorithm. The range-based algorithms use absolute point-to-point distance estimation or angle estimation for calculating the location of the sensor nodes, which involves the use of expensive hardwares. On the other hand, the range-free algorithms do not rely on distance or angle information and they depend only on the contents of received messages to determine the node's location.
In this paper, we propose a mobile anchor positioning (MAP) range-free localisation algorithm, which makes use of the beacon packet of mobile anchor and the location packets of neighbour nodes to estimate the location of the nodes. When the mobile anchor moves around the sensing field, it periodically broadcasts the beacon packets, which include current location information of the mobile anchor. After receiving enough beacon packets from the mobile anchor, the sensor nodes will try to calculate their location. If a sensor node is successful in obtaining its location, it will broadcast its location packet to assist the other sensor nodes in calculating their location.
The rest of the paper is organised as follows. Section 2 discusses the related works in localisation for wireless sensor networks. Section 3 presents our MAP range-free localisation scheme. Experimental results are shown in Section 4 and Section 5 concludes this paper.
Related works
Extensive research has already been done on localisation in wireless networks. A general survey on localisation techniques can be found in [8] . In this paper, we provide a brief survey focusing only on localisation techniques suitable for wireless sensor networks. As mentioned above, these localisation mechanisms can be classified as rangebased and range-free localisation mechanisms [2] .
Range-based localisation mechanisms
In range-based schemes, nodes determine their locations based on distance or angle estimations from some reference points, whose coordinates are already known. Such estimations are possible by the use of different methods such as time of arrival [9] , time difference of arrival (TDOA) [10] , angle of arrival (AOA) [11] and receive signal strength indicator [12] . Although these schemes can achieve fine resolution, either the required hardware is expensive (ultrasound device for TDOA, antenna arrays for AOA) or the results depend on unrealistic assumptions about signal propagation (e.g. the actual received signal strengths of radio signals can vary when the surrounding environment changes).
In [12] , they converted the received signal strength to distance information and used triangulation to compute a sensor node's location. In [13] , the authors described a triangulation mechanism for localisation and explored the effects of fading and sensor mobility on localisation. The work in [10] utilised beacon advertisements for ranging to determine the possible location of the sensor nodes. If a node receives the advertisement, the node's location is assumed to be within the beacon's region. Moreover, distributed multilateration method was proposed for estimating positions for conforming to ad hoc sensor networks [14] . In [11] , they calculated comparative angels between neighbouring nodes for angulation.
Range-free localisation mechanisms
Because of the hardware limitations of sensor devices, the range-free localisation mechanisms are being used as costeffective alternatives to expensive range-based mechanisms. There are mainly two types of range-free localisation techniques that have been proposed for sensor networks: local techniques, which rely on a high density of landmarks so that every sensor node can hear several landmarks, and hop-based techniques, which rely on flooding technique [2] .
Local techniques:
In [15] , the authors proposed a local technique where each node estimates its location by calculating the centre of the locations of all anchors it hears from. The localisation error, in this case can be reduced by uniformly deploying the anchors. However, it is highly impossible to deploy the anchor nodes uniformly in case of wireless sensor networks. In [16] , they proposed a distributed online algorithm in which the sensor nodes use geometric constraints induced by radio connectivity and sensing to decrease the uncertainty of their position. The sensing constraints, caused by a commonly sensed moving target, are usually tighter than the connectivity-based constraints and lead to a decrease in average localisation error over time. Different sensing models, such as radial binary detection and distance-bound estimation, have been considered. In [17] , the authors proposed a localisation scheme using mobile anchor. Each anchor is equipped with the global positioning system (GPS), which moves in the sensing field and broadcasts its current position periodically. This information enables the sensor nodes to calculate their locations.
Hop-based techniques:
The hop-based techniques are particularly useful in the networks where landmark density is low. These techniques propagate location announcements throughout the network [2] . The distance vector (DV)-hop [18, 19] uses a technique based on DV routing, where each node maintains a counter denoting the minimum number of hops to each landmark, and it updates that counter based on beacon packet received. Landmark location announcements are flooded through the network. When a node receives a new landmark announcement, and the received hop count is less than the stored hop count for the landmark, then the recipient updates its hop count to the received value and retransmits the announcement with an incremented hop count value. The known positions of landmarks and these computed ranges are used to perform a triangulation to obtain estimated node positions. The DVhop has the following properties: it is localised and distributed, does not require special infrastructure or setup, provides global coordinates and requires re-computation only for moving nodes. The work in [20] enhances DV-hop by proposing an additional refinement phase. After a node has computed a coarse estimated position of its own location using DV-hop, it obtains the estimated positions of all of its neighbours. Then assuming its neighbours as reference nodes, the node re-computes triangulation to refine its estimated position. In [21] , they use the hop distances of sensor nodes from one or more designated sources in order to obtain estimations of inter-sensor Euclidean distances, which are used to locate the sensor node's position. The use of the maximum communication range of a sensor node as the expected single-hop distance results in errors in estimations. This is because the distance to the furthest node is not necessarily equal to the communication range and it changes according to node density. In multi-hop localisation, error in distance estimation tends to accumulate with the increase in path length. Hence, a density-aware hop-count localisation scheme has been developed to overcome this problem [22] . In [23] , the authors proposed a GPS-free, simple positioning system, based on distances in terms of number of hops between nodes. This localisation scheme does not require any complex computation and only needs neighbourhood discovery. In [24] , they discussed and investigated the effects of mobility on positioning of wireless sensor networks. Their scheme uses the hop count information from fixed landmarks to perform positioning and improves the accuracy by using mobile nodes. In [25] , the authors discussed a localisation protocol with adaptive power control in wireless sensor networks. Each node can transmit beacon packets at different power levels. Whenever a node receives beacon packets transferred at different power levels, it will adaptively select a beacon packet to estimate the distance to the landmark. When a sensor node has estimated the distances to three landmarks, it can compute its location using triangulation.
Recently, some researches focus on localisation in underwater sensor networks. In [26] , they proposed a distributed scheme, which integrates three-dimensional Euclidean distance estimation method and a recursive localisation method. In [27] , they compared the performance of three underwater localisation schemes, that is, dive and rise localisation (DNRL), proxy localisation (PL) and large-scale localisation (LSL). Their simulations showed that DNRL and LSL can localise more than 90% of the underwater nodes with high accuracy, whereas LSL has higher energy consumption and higher overhead than DNRL. The localisation success and accuracy of PL is lower than that of the other techniques, however it can localise underwater nodes faster when small number of beacons are employed. There are some researches that focused on secure location discovery for sensor networks in hostile environment. In [28] , they proposed attack-resistant minimum mean square estimation location estimation techniques and a voting-based location estimation technique to deal with attacks in localisation schemes. In [29] , they proposed a range independent distributed localisation algorithm, which does not require any communication among sensors. In addition, their scheme is robust against the wormhole attack, the sybil attack and compromised sensors.
Mobile anchor positioning schemes
In this section, we describe our MAP range-free localisation protocol. Stationary sensor nodes are disseminated throughout in the sensing field. Each mobile anchor is equipped with a location device (e.g. GPS), and it can move around the network by itself. As the mobile anchor moves through the network, it periodically broadcasts its coordinates to the sensor nodes, which are at most a sensing distance away from it. The sensor nodes receive beacon packets from the mobile anchors, and use the location information contained in the beacon packets to calculate their own locations.
Localisation using a mobile anchor
The basic idea of the localisation scheme is that if the centres and radii of two circles are known, then it is possible to obtain their two intersection points. For example, in Fig. 1 , the centres of two circles A and B are (a 1 , b 1 ) and (a 2 , b 2 ), respectively. The radii of both the circles are r. The positions (x, y) of two intersection points of the circles can be calculated by simple algebraic calculation. The equations of the two circles are given as follow
The (x, y) will have two solutions (if they are tangent circles, then there will be only one solution), which are the coordinates of two intersection points.
As already mentioned, we will use the mobile anchor's location information to estimate the sensor node's location. Each mobile anchor will periodically broadcast beacon packets as it moves through the sensor field. Every sensor node maintains a visitor list that stores the beacon packet received from the mobile anchors. The first and last beacons of the visitor list are called beacon points. The beacon point is considered as an approximate endpoint on the sensor node's communication circle. Fig. 2 demonstrates an example of visitor list where the visitor list of the sensor node S is {T 1 , T 2 , T 3 , T 4 } and the beacon points are T 1 and T 4 . Hence, the possible locations of the sensor node S are the intersection points of the two circles centred at T 1 and T 4 .
Estimate the location of the sensor node
We can obtain two possible locations of the sensor node from beacon points. This subsection will discuss how to estimate the location of the sensor node.
MAP with mobile anchor (MAP-M):
The first scheme MAP-M uses only the beacon packets received from the mobile anchor. It uses the information of the visitor list to estimate the location of the sensor node. Let us assume that the visitor list of a sensor node S is {T 1 , T 2 , . . . , T n } and the beacon points are T 1 and T n . The communication range of mobile anchor is R. The intersection points of two circles centred at T 1 and T n are S ′ and S ′′ . If there is any T i (2 ≤ i ≤ n 2 1), such that the distance between T i and S ′ is less than R and that between T i and S ′′ is greater than R, then we can conclude that the location of the sensor node is S ′ . This is because of the fact that the sensor node should lie inside the communication range of mobile anchor to receive the beacon packets. Hence, the distance between the sensor node S and beacon packet T i should be less than R. Fig. 2 illustrates that the sensor node S uses the beacon T 3 to estimate its location. However, it is not always possible to estimate the location of the sensor node by using visitor list. In order to estimate the location of the sensor nodes using the visitor list, at least one of the beacon packets in the visitor list must lie outside the shadow area in Fig. 3 . The shadow area is the intersection of two circles with centres S ′ and S ′′ . If a beacon packet is inside the shadow area, it means that the distance of the beacon packet from both S ′ and S ′′ is less than R. Hence, it is not possible to determine the location of the sensor node S using that beacon packet. If none of the beacon packets in the visitor list lies outside the shadow area, then the sensor node S cannot determine its location. In that case, the node keeps the two possible locations S ′ and S ′′ . Later when the sensor node S receives another beacon packet T from the mobile anchor, it checks whether the beacon packet T can assist in determining its location. The sensor node calculates the distances d 1 and d 2 , where node can be sure of its location. For example, in Fig. 4 , the sensor node S already has two possible positions S ′ and S ′′ . When it receives another beacon packet T 6 from the mobile anchor, it can determine its location. However, if the sensor node does not receive any beacon packet further, the location of the sensor node is not determined.
MAP with mobile anchor and neighbour (MAP-M&N):
Although some of the sensor nodes are able to determine their locations using the MAP-M scheme, there are others having two possible locations. It is possible for the sensor nodes that have already determined their location to assist other nodes in determining their locations. Based on the above idea, we propose another scheme MAP-M&N. The MAP-M&N scheme assumes that the sensor nodes, which already have a location, would broadcast their location to their one-hop neighbours. When a sensor node receives the location information packet from its one-hop neighbour, it makes use of this information to determine its location. However, if the sensor node has determined its location, then it simply discards the packet. This method can reduce the cost of movement of the mobile anchor.
Experimental results
We compare the performances of geometry conjecture (GC) [17] with the proposed MAP-M and MAP-M&N schemes. For all of our experiments, 500 sensor nodes were disseminated randomly in a 20 m × 20 m rectangular region. We assume that all the sensor nodes and mobile anchors have the same transmission range and the mobile anchor broadcasts a beacon packet per second. The network and node parameters are fixed as follows: the transmission range of the sensor nodes and the mobile anchors is 1 m. The speed of the mobile anchor is 0.5 m/s and it moves with randomly walk. The number of mobile anchors is 1 and the execution time is 1000 s. However, we will vary these parameters while discussing their effects on localisation. The network and node parameters we vary are † Transmission range of the sensor nodes and mobile anchors: We study the effects of varying transmission range from 1 to 3 m. † Speed of the mobile anchor: A mobile anchor's speed will vary from 0.2 to 0.8 m/s and it will wander in the area with random walk. † The number of mobile anchor: We study the effects of varying the number of mobile anchors from 1 to 5. † Execution time: We study the effects of varying the execution time from 500 to 3000 s. Table 1 shows the simulation parameters. We make observations from several aspects. Fig. 5 shows the performance of the three schemes GC, MAP-M and MAP-M&N for five different transmission ranges. In  Fig. 5a , the percentage of localised nodes for all the three schemes increases with increase in the transmission range. When the transmission range is large, more number of sensor nodes can receive the beacon packets and determine their location. The performance of our schemes, MAP-M and MAP-M&N, is better than that of GC mechanism in terms of the percentage of localised nodes. When the transmission range is 1, the percentage of localised nodes for our schemes is more than double the percentage of localised nodes for GC mechanism. However, when the transmission range increases, the gap between our schemes and GC is reduced. This is because of the fact that as the transmission range increases, the nodes are able to receive sufficient beacon packets for all the three schemes. Therefore a significant gain can be achieved by our schemes, if the transmission range is small. In Fig. 5b , the localisation error for all the three schemes increases with increase in the transmission range. When a node receives a beacon packet from the mobile anchor, it means that the distance between the node and the mobile anchor can vary from 0 to transmission range. Hence, if the transmission range increases, the localisation error also increases. Our schemes, MAP-M and MAP-M&N, are better than GC mechanism in terms of the localisation error, when the transmission range is larger than 2 m. Fig. 6 shows the snapshots of the real and the estimated positions of the sensors for MAP-M, MAP-M&N and GC schemes.
Effects of transmission range

Effects of speed of the mobile anchor
We have shown the percentage of localised nodes and localisation error for varying speed of the mobile anchor in Fig. 7 . In Fig. 7a , as the speed of the mobile anchor increases from 0.2 to 0.4 m/s, sensor nodes receive more beacon packets in a fixed amount of time, so the percentage of localised nodes also increases. However, as the speed increases beyond 0.6 m/s, the percentage of localised nodes decreases. This kind of anamolous behaviour is due to the fact that as the mobile anchor moves too fast, the sensor nodes cannot collect enough beacon packets to determine their location. Fig. 7 also shows that our schemes achieve higher percentage of localised nodes than the GC scheme. For ease of discussion, we define two terms, localisation error and beacon point error as follows. The localisation error is defined as the distance between the estimated location and the actual location of a sensor node. The beacon point error is defined as the distance from the beacon point to the nearest point on the transmission circle. The beacon point error increases with increase in the speed of the anchor node. Therefore Fig. 7b depicts that as the speed of the anchor node increases, the localisation error also increases. The localisation errors among the three schemes were of little difference. Fig. 8 shows the snapshots of the real and the estimated positions of the sensors for MAP-M, MAP-M&N and GC schemes.
Effects of the number of mobile anchors
As depicted in Fig. 9 , increasing the number of mobile anchors helps in increasing the percentage of localised nodes. Our MAP-M and MAP-M&N schemes perform better than the GC mechanism in terms of the percentage of localised nodes. The effect is noticeable when the mobile anchors are fewer in number. The reason is that our schemes need only few beacon packets to support localisation of most of the sensor nodes.
Effects of execution time
As shown in Fig. 10 , the percentage of the localised nodes increases with increase in the execution time of localisation. Again, the percentage of localised nodes for our MAP-M and MAP-M&N schemes is greater than that of GC scheme. From another point of view, we compare the execution times required for varying percentage of localised nodes. In Table 2 , the execution time required for MAP-M&N is nearly half of that required for GC for varying percentage of localised nodes from 70 to 95%. The main reason is that each sensor node needs three beacon points to obtain its location in GC mechanism. It means that each sensor node needs the mobile anchor to enter its communication range twice. When the mobile anchor enters the communication range of the sensor node, the sensor node will obtain the first beacon point. After the mobile anchor exits the communication range of the sensor node, the sensor node will obtain the second beacon point. However, these two beacon points are not sufficient and the sensor nodes require the third beacon point for localisation in the GC scheme. On the other hand, in our schemes, some sensor nodes can obtain their locations either by using their own beacon packets or by using the location information of their neighbours. Another interesting observation is that the execution time increases rapidly as the percentage of localised nodes increases to 95% in GC mechanism. This is because of the fact that the mobile anchor moves in random direction and some sensor nodes may not have received enough beacon packets for localisation and they do not even further receive any beacon packets from the mobile anchor.
Effects of communication cost
The communication cost for GC and MAP-M schemes includes only the cost of broadcast of the beacon packets. However, for MAP-M&N scheme, it also includes the cost of broadcast of the location packets of the localised nodes. Table 3 shows that for GC mechanism, the packet overhead decreases as the number of mobile anchors is increased. For our schemes, the packet overhead decreases when the number of mobile anchors is increased from 1 to 2. However, as the number of mobile anchors is increased from 2 to 5, the packet overhead for our schemes increases. It suggests that our schemes can obtain high percentage of localised nodes even with few mobile anchors.
Conclusion
In this paper, we have proposed a MAP, a range-free localisation algorithm, which uses the mobile anchor for localisation of the sensor nodes in wireless sensor networks. Our schemes can measure the distance between the sensor nodes without use of any additional hardware. In addition, the sensor node does not require flooding or complicated computation for localisation. The sensor networks can achieve high percentage of localised nodes based on the location information from the mobile anchor or from the neighbouring nodes.
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